Abstract Objective: Thombomodulin (TM) is an activator of protein C and a biomarker for endothelial injury. We hypothesized that (1) elevated plasma levels would be associated with clinical outcomes and (2) polymorphisms in the TM gene would be associated with plasma levels. Patients: We studied 449 patients enrolled in the Fluid and Catheter Treatment Trial (FACTT) for whom both plasma and DNA were available. We used logistic regression and receiver operator curves (ROC) to test for associations between soluble TM (sTM) and mortality at 60 days. Measurements and results: Plasma sTM levels were higher in non-survivors than survivors at baseline [median 147 (IQR, vs. 89 (56-129) ng/mL, p \ 0.0001] and on day 3 after study enrollment [205 (146-302) vs. 127 (85-189), p \ 0.0001]. The odds of death increased by 2.4 (95 % CI 1.5-3.8, p \ 0.001), and by 2.8 (1.7-4.7, P \ 0.001) for every log increase in baseline and day 3 sTM levels, respectively, after adjustment for age, race, gender, severity of illness, fluid management strategy, baseline creatinine, and non-pulmonary sepsis as the primary cause of ARDS. By ROC analysis, plasma sTM levels discriminated between non-survivors and survivors [AUC = 72 % (66-78 %) vs. AUC = 54 % for severity based on Berlin criteria). Addition of sTM improved discrimination based on APACHE III from 77 to 80 % (P \ 0.03). sTM levels at baseline were not statistically different among subjects stratified by genotypes of tag SNPs in the TM gene. Conclusions: Higher plasma sTM levels are associated with increased mortality in ARDS. The lack of association between the sTM levels and genetic variants suggests that the increased levels of sTM may reflect severity of endothelial damage rather than genetic heterogeneity. These findings underscore the importance of endothelial injury in ARDS pathogenesis and suggest that, in combination with clinical markers, sTM could contribute to risk stratification.
Introduction
The acute respiratory distress syndrome (ARDS) is a syndrome of respiratory failure characterized by acute pulmonary edema and lung inflammation [1] . ARDS has an estimated incidence of approximately 200,000 patients per year in the United States, and estimates of mortality range from 18 to 58 % [2, 3] . The majority of deaths among patients with ARDS are attributed to multi-organ failure, which is thought to be due to widespread endothelial injury [1, 4] .
Thrombomodulin (TM) is a multi-domain transmembrane-bound glycoprotein. In its endothelial cell membranebound form, TM neutralizes the pro-coagulant actions of thrombin and accelerates activation of protein C, thereby enhancing its anti-coagulant and anti-inflammatory properties [5] . In addition to its membrane-bound form, TM also exists in a circulating soluble form in the plasma. Among healthy individuals, circulating sTM is produced by cleavage and shedding of the membrane-bound TM. It represents a truncated form that lacks the transmembrane and cytoplasmic domains of membrane-bound TM. At baseline, sTM accounts for less than 20 % of the variance in the total measured TM activity in plasma among healthy individuals [6, 7] . However, among patients with inflammatory or vascular disease, inflammation and endothelial damage accelerate cleavage and shedding of membrane-bound TM and result in high levels of circulating sTM in plasma [5] . Among healthy individuals, lower levels of sTM are associated with an increased risk of brain infarction and cardiovascular events, whereas among patients with brain infarction and coronary artery disease, increased sTM is associated with more severe illness and higher mortality [8, 9] .
Plasma levels of sTM are elevated among patients with ARDS, sepsis and disseminated intravascular coagulation (DIC). In patients with sepsis and DIC, increased plasma sTM is a marker of increased multi-organ failure and worse clinical outcomes [10] .
TM is abundant in pulmonary capillaries, and lung resection results in a decrease in serum sTM levels [11] . Administration of recombinant TM has been shown to prolong the survival time and to ameliorate the development of ARDS in a mouse model of LPS-induced ARDS [12] . In previous small studies in patients with ARDS, we have reported that plasma and edema fluid levels of sTM were higher among non-survivors compared to survivors [13] [14] [15] [16] . However, this association has not been tested in large multicenter studies of ARDS. Furthermore, it is unknown whether differences in plasma sTM levels among patients reflect severity of illness, genetic differences, or both.
We hypothesized that (1) plasma sTM levels at the onset of ARDS would be associated with clinical outcomes in a large multi-center study of ARDS, and (2) polymorphisms in the TM genes would be associated with plasma levels of sTM.
Materials and methods

Study population
The study population included subjects enrolled in the ARDS Network Fluid and Catheter Treatment Trial (FACTT) for whom both DNA and plasma were available for analysis. FACTT was a multi-center trial that compared conservative and liberal strategies of fluid management using explicit protocols applied for 7 days in patients with ARDS [17, 18] . Participants were also randomly assigned to receive either a pulmonary-artery catheter or a central venous catheter in a two-by-two factorial design [17] . All patients were ventilated using a lung protective ventilation strategy. The primary outcome was mortality at 60 days before discharge home [17, 18] .
The institutional review boards of each participating hospital reviewed and approved the primary study and collection of biological samples. Informed consent was obtained from all participants or their surrogates, including consent to use biospecimens of subjects. Baseline samples were collected before patient randomization, as were baseline clinical data. Day 3 samples were collected if patients were alive on study day 3. Plasma and DNA were made available for this study by the ARDS Network biorepository.
Outcome measures
The primary outcome measure was mortality at 60 days. The secondary outcome measures were (1) the number of ventilator-free days [19] and (2) the number of organ failure-free days during the first 28 days of hospitalization [17] . We used the APACHE III score to adjust for baseline severity of illness.
Plasma measurements
Plasma levels of sTM were measured using two-antibody sandwich enzyme linked immunosorbent assays (ELISA) Asserchrome kits supplied by Diagnostica Stago. The measurements were carried out in duplicate and followed the manufacturer's protocol.
SNP selection and genotyping
We used re-sequencing data available from the Seattle SNPs website (accessed at http://gvs.gs.washington.edu/ GVS/). We selected tag SNPs in the genomic region including the TM gene and 2,000 bp upstream and downstream, using multiPop software [20] with minimum allele frequency set at 5 % and r 2 at 0.8. A total of 8 tag SNPs were genotyped.
SNPs were genotyped using commercially available technologies according to manufacturer's instructions: Illumina Golden Gate 384-plex, and template-directed primer extension with fluorescence-polarization detection (FP-TDI) utilizing the Perkin Elmer Acycloprime II kit [21] . Primer sequences are available upon request. Samples were arrayed on 96-well plates with negative and positive controls (duplicates) on each plate; two investigators blinded to clinical status scored the genotypes.
Data analysis sTM levels were right-skewed, and we used the nonparametric Mann-Whitney and non-parametric trend tests to compare the untransformed levels among categorical groups and log-transformed the data for use in parametric tests. Comparisons across quartiles were made using the non-parametric trend test (Cochrane Armitage test). Receiver operating characteristic (ROC) curve analysis was carried out to assess the predictive value of sTM levels for mortality. The discrimination of the models was validated using 10-fold cross-validation techniques (repeated 10 times and averaged). Logistic regression and mixed effect Poisson regression models were used as appropriate to analyze the relationship of sTM levels to mortality, ventilator-free and organ failure-free days and to adjust for clinically significant covariates such as age, severity of illness at admission to ICU, baseline creatinine, presence or absence of non-pulmonary sepsis, and allocation to fluid management arm [22] . These covariates were chosen a priori for their clinical significance and face validity. Baseline creatinine was incorporated into the model because sTM is known to be excreted via kidneys. Statistical analysis was carried out using Stata 13 (Stata, College Station, TX, USA).
Results
Study population
Baseline characteristics of the 449 patients included in this analysis were similar to the patients without DNA and plasma available who were excluded from this study ( Table 1) .
Elevated baseline sTM levels are associated with clinical outcomes
The mean plasma sTM level was 123 ng/mL [median 98 ng/mL, interquartile range (IQR) 62-154 ng/mL] The baseline levels of sTM differed with the underlying risk factor for development of ARDS; specifically, patients with sepsis as the primary cause of ARDS had higher levels ( Supplementary Fig. 1a ). The baseline plasma sTM levels were higher among non-survivors (median 147 ng/mL, IQR 95-218 ng/mL) compared to survivors (median 89 ng/mL, IQR 56-129 ng/mL, p \ 0.0001) (Fig. 1a) . On univariate logistic regression, the odds of death increased by 3.74 (95 % CI 2.53-5.52, p \ 0.001) for every log increase in plasma sTM levels. On multivariate logistic regression, this association remained significant after adjustment for age, gender, severity of illness (APACHE III score), presence or absence of nonpulmonary sepsis, and allocation to the conservative or liberal fluid management strategy (Table 2 ). Because the relationship between plasma biomarkers and mortality may be non-linear, we also tested the mortality rates of patients stratified by quartiles of plasma sTM levels. There was a stepwise increase in the mortality with increasing quartiles of plasma sTM levels (p \ 0.001) (Fig. 2a) . Consistent with the mortality findings, there were fewer ventilator-free days and fewer cardiovascular, renal, central nervous system, hematological, and hepatic organ system failure-free days (Fig. 3a) with increasing quartiles of plasma sTM levels (p \ 0.001 for all). Total fluid balance, presence of shock and vasopressor use increased with increasing quartiles of plasma sTM levels (p \ 0.001 for all), whereas platelet counts decreased with increasing quartiles of sTM (p \ 0.001). There was also a decrease in PaO2/FiO2 ratio and increase in oxygen index with increasing quartiles of plasma sTM levels (P \ 0.001). All these relationships were independent of Fig. 1 sTM levels collected at a baseline and b day 3 among subjects with ARDS stratified by mortality. sTM levels were higher among non-survivors (p \ 0.0001) Fig. 2 Mortality at 60 days (y-axis) among subjects with ARDS stratified by quartiles of plasma sTM levels (x-axis) at baseline (a) and day 3 (b). There is increasing mortality with increasing quartiles of plasma sTM levels (p \ 0.001) age, gender, presence or absence of non-pulmonary sepsis, and allocation to the conservative or liberal fluid management strategy (data not shown). Mortality in our patient cohort stratified by categories of severity based on Berlin criteria was 16 vs. 22 vs. 27 % (P = 0.09 for trend) for mild, moderate and severe ARDS, respectively, whereas mortality in patients stratified by tertiles of baseline sTM levels was 10 vs. 20 vs. 42.9 % (P \ 0.001).
Elevated day 3 sTM levels are associated with clinical outcomes
On day 3, the mean plasma sTM level was 181 ng/mL (median 141 ng/mL, IQR 92-219 ng/mL) and the difference noted in baseline levels of sTM with the underlying risk factor for development of ARDS persisted on day 3 ( Supplementary Fig. 1b) . Day 3 plasma sTM levels were higher among non-survivors (median 205 ng/mL, IQR 146-302 ng/mL) compared to survivors (median 127 ng/ mL, IQR 85-189 ng/mL, p \ 0.0001) (Fig. 1b) . On univariate logistic regression, the odds of death increased by 3.82 (95 % CI 2.53-5.78, p \ 0.001) for every log increase in plasma sTM levels and this relationship remained significant after adjustment for age, gender, severity of illness (APACHE III score), presence or absence of non-pulmonary sepsis, and allocation to the conservative or liberal fluid management strategy (Table 2b ). Similar to the analysis using baseline levels reported in the previous paragraph, there was a stepwise increase in the mortality and a decrease in the number of ventilator-free and organ failure-free days among patients stratified by quartiles of day 3 plasma sTM levels (Figs. 2b, 3b ).
Baseline and day 3 plasma sTM levels discriminate survivors from non-survivors at 60 days On analysis of receiver operating curves (ROC), both baseline and day 3 plasma sTM levels as predictors had moderately good ability to discriminate survivors from non-survivors using in-hospital mortality at 60 days as the outcome. The area under the curve (AUC) was 72 % for both baseline and day 3 sTM. The addition of either baseline or day 3 sTM improved the discriminatory ability of APACHE III score to identify survivors from non-survivors with a modest but statistically significant increase in the AUC from 77 to 80 % (p \ 0.03) (Supplementary Fig. 2 ).
By comparison, the AUC for the ROC curve based on the mild, moderate and severe ARDS categories as per Berlin criteria was 54 % and the AUC for PaO2/FiO2 ratio (used as a continuous variable) was 57 %, whereas a combination of sTM either with categories of severity as per Berlin criteria or with PF ratio yields an ROC of 72 and 73 %, respectively (Fig. 4) .
Change in sTM levels from baseline to day 3 and relationship to clinical outcomes Overall, sTM levels increased from baseline to day 3 [median 98 ng/mL (IQR 62-53) to median 141 ng/mL (IQR 92-219), p \ 0.0001]. This increase was greater among non-survivors compared to survivors (average 113 vs. 48 ng/mL p \ 0.001). On ROC analysis, the difference in sTM from baseline to day 3 did not perform as well as either the baseline or the day 3 levels in discriminating survivors from non-survivors.
TM SNPs and plasma sTM levels
Baseline plasma levels of sTM stratified by genotypes of the tag SNP are depicted in Table 3 . sTM levels were not statistically different among individuals carrying the various genotypes of the SNPs that were genotyped (Table 3) .
Discussion
This study demonstrates that increased sTM in plasma collected at baseline and day 3 is a marker of adverse Fig. 3 Ventilator-free days and organ failure-free days (y-axis) among subjects with ARDS stratified by quartiles of plasma sTM levels (x-axis) at baseline (a) and Day 3 (b). There are fewer ventilator-free and organ failure-free days with increasing quartiles of plasma sTM levels (P \ 0.001) clinical outcomes among patients with ARDS. Specifically, elevated plasma sTM levels provide moderate discrimination between ARDS survivors and non-survivors, and higher levels of plasma sTM were associated with fewer ventilator-free and organ failure-free days. These associations were significant after adjustment for age, gender, and severity of illness. There was no relationship between sTM levels in plasma and the genotypes of tag SNPs representing common genetic variation (minor allele frequency [5 %) in the TM gene.
The results from our study demonstrate the prognostic value of plasma levels of sTM measured early in the course of ARDS. However, at this time, we are not suggesting the use of thrombomodulin as a sole marker for bedside mortality prediction or decisions regarding futility, but merely emphasizing its association with mortality and the associated implications for pathogenesis and potential contribution to risk stratification in combination with other biomarkers and clinical markers.
There is increasing recognition of the clinical and biological heterogeneity within ARDS, and a combination of biomarkers and clinical predictors is superior to either of these alone for predicting mortality [23] and in predicting differential response to treatment [24] . In addition, these data also enhance our understanding of dysregulated coagulation and endothelial dysfunction as a pathogenic mechanism in ARDS and highlight the role of generalized endothelial dysfunction in ARDS contributing to adverse clinical outcomes, including multi-organ dysfunction and mortality. In a meta-analysis of studies examining association of plasma biomarkers with mortality in ARDS, Terpstra et al. [25] reported that vWF is associated with mortality with an OR of 1.98 (1.46-2.68) per log increase in plasma vWF levels. Calfee et al. [26] reported that mortality in non-infection-related ARDS was associated with an odds ratio, 2.43 (1.57-3.75) per log increase in baseline angiopoietin-2 levels. In comparison, the odds of death increased by 2.4 (95 % CI 1.5-3.8, p \ 0.001) and by 2.8 (1.7-4.7, P \ 0.001) for every log increase in baseline and day 3 sTM levels, respectively, in our study. We also found that plasma levels of sTM collected at baseline and day 3 have relatively good discriminatory power to differentiate survivors from non-survivors. The AUC of 72 % for sTM as a single biomarker for predicting mortality compares favorably to the combined AUC of 75 % for the eight best-performing biomarkers in ARDS [23] . The addition of sTM levels to APACHE III resulted in a modest but statistically significant improvement in the ability to identify patients at higher risk of death on ROC analysis ( Supplementary Fig. 1 ).
Endothelial cell injury leads to enhanced cellular adhesion to the vessel wall, amplifying the inflammatory response and coagulation via ADAMTS13-mediated Von Willebrand factor cleavage, NETS and microparticles leading to the formation of microvascular thrombosis [27, 28] . sTM is released from endothelial cells by proteolytic activity on the surface of endothelium by neutrophil elastase, endotoxin and TNF-a resulting in an increase in plasma sTM levels due to an increase in smaller fragments of degraded forms [29] . Endothelial cell membrane-bound TM has anti-thrombotic and antiinflammatory properties, and excessive shedding of membrane-bound TM may lead to loss of functionally active TM, resulting in a pro-coagulant and pro-inflammatory state in patients with ARDS which may be harmful because it can activate neutrophils and fibroblasts, compromise endothelial integrity, contribute to a loss of surfactant activity, and decrease alveolar fluid clearance [30, 31] . Higher plasma sTM among patients with vascular damage and endothelial dysfunction have been reported previously. In children with meningococcemia, blood vessels injured by vasculitis have decreased endothelial-bound TM accompanied by decreased biological availability and increased plasma levels of sTM [32] .
The association of higher plasma sTM levels with adverse clinical outcomes mortality, ventilator-free and organ failure-free days in patients with ARDS reported in the present study is likely a reflection of more severe endothelial dysfunction and vascular damage to the pulmonary capillary bed, as well as probable systemic endothelial dysfunction. This is additionally supported by the association of increasing sTM levels with decreasing PaO 2 /FiO 2 ratio and increasing oxygenation index (reflecting pulmonary endothelial dysfunction), increasing fluid balance and vasopressor use along with decreasing platelet counts (reflecting systemic endothelial dysfunction).
We found that baseline plasma levels of sTM were not statistically different among individuals carrying the various genotypes of the SNPs genotyped. This lack of association between the sTM levels and genotypes of the tag SNPs representing common genetic variation in the TM gene supports the conclusion that the increased levels of sTM in these patients are likely a reflection of excessive shedding from the endothelial surface and reflective of the severity of endothelial damage rather than differences in the structure or biology of TM due to genetic heterogeneity among these patients.
The strengths of this study include, first, the wellcharacterized clinical phenotype and the multi-center cohort of patients. Second, this study presents an analysis of TM genetic polymorphisms and protein levels in the same group of patients. We studied TM among patients with ARDS at both the protein biomarker and genetic levels in order to better understand the role of TM in ARDS. Third, we chose a hypothesis-free approach within the TM gene, i.e. we did not pre-specify the SNPs to be tested within the gene but instead genotyped tag SNPs providing a comprehensive coverage of the entire gene [33] . However, like all association studies, these findings require to be replicated in a validation cohort. The primary limitation of our study is that the cohort of patients in the study were from a clinical trial and not from a broad-based group of ARDS patients.
In summary, the results from this study indicate that elevated levels of plasma sTM are associated with increased mortality and that sTM levels in combination with clinical scores and other biomarkers might be useful for risk stratification in clinical trials of patients with ARDS. Higher plasma levels of sTM among ARDS patients with adverse clinical outcomes likely reflect increased inflammation and both pulmonary and systemic endothelial damage. The lack of any association between the sTM levels and genetic variants suggests that the increased levels of sTM may reflect severity of endothelial damage rather than genetic heterogeneity.
